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The XEUS Telescope Working Group was established in 1997 to consider
possible designs and technology for the X-ray mirrors. A preliminary report
was produced in 1997. Since then, the XEUS concept has undergone several
iterations and some work has started on various aspects of the mirror design
and technology.
This report provides an overview of all the aspects of the X-ray optics
considered to date. It culminates in a baseline design that can achieve the
scientific goals within the current XEUS concept. Central to this design is
the International Space Station, which provides the capability to reach the
final goal in two stages: XEUS1 followed by XEUS2. Following on from the
baseline design, a number of possible enhancements are considered, which,
given the timescale of XEUS, are likely to be important in the development
of X-ray mirrors for a mission launched after 2010. An overall summary of
the basic concept, design, enhancements and technological challenges is
given in the final section Summary and conclusion. 
This report also contains a discussion of programmatic issues: the mirror
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- The XEUS Telescope
1  Introduction
The overall goal of the next-generation X-ray Evolving-Universe Spectro-
scopy mission (XEUS) is to establish a permanent presence in space of an
X-ray counterpart of large ground-based optical telescopes such as the
European Very Large Telescope or the Japanese Subaru1. The key scientific
goal requires a collecting area and angular resolution sufficient to provide
access to the early Universe at large redshifts (z > 4) and to facilitate
spectroscopy and timing studies of many faint, distant sources.
1.1  Scope
The XEUS Telescope Working Group has investigated possible designs for
the optics. The aim is to present the possible range of options as well as a
preliminary design that can achieve the core objective of the mission. In
addition, it is necessary to determine any technical requirements related to
the proposed design, and to identify critical areas that require early study in
the XEUS mirror technology programme.
1.2  Scientific requirements
The key astrophysical requirements of XEUS are to detect sources as faint
as 4×10–18 erg cm–2 s–1 and to measure the spectra of sources as faint as
1×10–17 erg cm–2 s–1 (0.5-2.0 keV). This results in the following requirements
for the X-ray optics2:
— the telescope must be broadband with an effective collecting area of
> 20 m2 below 2 keV and > 1 m2 at 8 keV,
— all the collecting area must focus onto a single focal plane,
— the angular resolution must be 2-5 arcsec to avoid source confusion and
to ensure a good signal-to-noise ratio for faint sources.
These are extremely important basic requirements, and they drive the
design of the XEUS mission. Justification of the large collecting area and
high angular resolution can be found in the other XEUS working group
reports.2,3
To place these requirements in context, Fig. 1 shows the collecting area at
1 keV plotted as a function of the diameter that encloses half of the total flux
of the focal image of a point source (half-energy width, HEW) at the same
energy for various existing and proposed Wolter type I X-ray telescope
modules. Red labels indicate foil mirrors, yellow labels replicated optics and
blue labels monolithic shells. The horizontal lines correspond to the effective
area required to collect 100 photons from faint sources with fluxes of 10–14,
10–15, 10–16 and 10–17 erg cm–2 s–1 in the energy range 0.5-2 keV in 105 s.
The largest collecting area yet achieved by an X-ray mirror system focusing
into a single image is the 1400 cm2 at 1 keV of the XMM-Newton mirror
modules4,5; the best angular resolution at 1 keV is 0.5 arcsec with Chandra6.
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The primary aim of XEUS is to perform spectroscopy on the faint sources
that are accessible only in the top left hand quadrant of Fig. 1. Two XEUS
points are shown: XEUS1 and XEUS2. The first is a configuration that
would be placed in orbit with a single launch, and the second is achieved
through expansion in orbit using the International Space Station (ISS) about
5 years after the initial launch. These configurations are described in detail
in this report.
The slanting lines in Fig. 1 indicate the effective area required to achieve a
5σ detection in 105 s in the background limit when the HEW is large and
there are significant diffuse background counts confused with the source
counts. The vertical lines indicate the approximate confusion limit,
assuming 40 beams (which is a rather demanding criterion for point sources)
and estimated using the logN -logS derived from deep Rosat PSPC
exposures7. The optimum detection performance in deep exposures is
achieved for mirrors close to the intersection of the horizontal and vertical
lines. The limiting sensitivities of XEUS1 and XEUS2 are listed below, based
on more rigorous simulation of the expected source distribution and galactic
and particle background, as well as the possibility for detecting point sources
in the resulting images for a 105 s exposure2:





Figure 1. The effective collecting area and HEW (diameter that encloses half the flux of the
focal spot) at 1 keV of the individual Wolter I modules of different missions (see text).
The angular resolution of XEUS must be at least 5 arcsec HEW to avoid
confusion, and at fluxes below 10–16 erg cm–2 s–1 a goal of about 2 arcsec HEW
is obviously advantageous from the aspect of source confusion. In addition,
the principal background component for those faint sources at high redshift
is the local soft X-ray background. This implies that a resolution of 2 arcsec
is a most important goal for spectroscopy of faint sources.
XEUS demands therefore a leap of a factor of 70-200 in collecting area over
XMM-Newton, while at the same time the angular resolution must be
improved considerably (3-5 times). The design presented in this report
demonstrates that this is possible by moving from replicated closed shells to
replicated segmented optics.
1.3  Mission profile
In order to achieve the large collecting area, a focal length is required that is
much longer than any spacecraft flown to date could accommodate.
Furthermore, an aperture is required that exceeds the maximum diameter
that can be launched by current launch vehicles. To accommodate the
required focal length, the XEUS spacecraft will therefore consist of two
freeflyers: a mirror spacecraft and a detector spacecraft, separated such that
the detector is at the focus of the mirror. These two spacecraft are launched
together into a low Earth orbit and are aligned by an active orbit control and
alignment system.
To allow an aperture that exceeds the capacity of available launch vehicles,
the mirror spacecraft will be designed such that it can visit the ISS to extend
the aperture with additional modules that are launched separately. To
achieve this, the detector spacecraft will have the ability to dock with the
mirror spacecraft, after which the mirror spacecraft can dock to the ISS to be
refurbished and its mirror aperture increased significantly, thus converting
XEUS1 into XEUS2.
The detector spacecraft can be replaced while XEUS is in its operational low
Earth orbit, away from the ISS, by controlled deorbiting of the old spacecraft





The basis for the XEUS telescope concept is a single mirror system and a
single focal plane. In principle, the same area and angular resolution could
be achieved using a large number of parallel XMM-Newton-size telescope
modules, each with its own focal plane. The advantages of employing a single
primary mirror are clear:
— better signal-to-noise ratio,
— minimum number of focal planes, which ensures that inserting different
instruments into the focus is simplified and the payload costs are
minimised,
— operational simplicity,
— minimum number of spacecraft subsystems, interfaces and structure,
— minimum number of launches.
The key disadvantage of the single focus is the lack of instrument
redundancy. This is overcome in the XEUS design by introducing multiple
instruments that can be brought into the focus3, and by flying the detectors
on a separate spacecraft that can be replaced. The ability of the mirror
spacecraft to dock with the ISS and the fact that it is accessible for servicing
in its low Earth orbit further reduce the failure risk.
The large collecting area required by XEUS can only be realised with a
modular approach for the total mirror system, whichever strategy is
adopted. On balance, the XEUS approach of building the modules so that
they produce a single focus is deemed superior, provided that it can be
clearly demonstrated that it can be built and flown.
In order to obtain the large required collecting area, a careful examination
of the possible design options is required. Here we present possible options
for the realisation of the optics and discuss their merits in view of the XEUS
requirements.
It is obvious that refractive optics are not a viable option in this energy
regime because the refractive index for X-rays is very close to 1, the high
absorption prohibits the use of thick refracting elements, and the large
variation in the refractive index over the required energy band for all
materials would cause severe chromatic aberrations. Therefore, reflection is
the only option for focusing soft X-ray optics. Simple Fresnel reflection at
grazing angles and multilayer reflection at grazing and larger angles are
both realistic.
2.2  Design criteria
With the large collecting area required for XEUS, the following are
important factors in designing the reflecting optics:
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— the total surface area of the reflecting surfaces. The mass of the optics is
determined by the total area of the reflecting surfaces. These surfaces
also have to be of high quality, because focusing X-rays requires sub-nm
surface roughness and obtaining the required angular resolution
requires a well-controlled figure (although not as accurately for an
optical telescope). Reducing the surface area of the reflecting surfaces
reduces the mass of the optics as well as the production cost. The
relevant characterisation is the surface utility, defined as the effective
collecting area divided by the total mirror area. The surface utility
determines the total mirror area that has to be assembled in order to
achieve the required effective collecting area. Given that the reflectivity
is a function of photon energy, the surface utility is a function of energy.
— the amount of replication that is possible. Replication reduces the
number of surfaces that have to be polished to the required figure and
roughness accuracy.
— the overall size of the optics. Traditionally, this is limited by the diameter
of the launch vehicle and possible extension mechanisms. The use of the
ISS allows expansion of the optics in space, so that this criterion might
be of less importance than the total area of reflecting surface. The
characterisation is the aperture utility defined as the effective area
divided by the geometric area of the aperture (including any dead area in
the centre). The aperture utility determines the total aperture that is
required to achieve the required effective collecting area, and is also a
function of photon energy.
— the spectral response of the optics. Given the broadband requirements of
XEUS, it is important to take into account the energy bandwidth of the
optics.
Most large imaging soft X-ray telescopes flown to date have employed Wolter
type I optics or approximations thereof. Fig. 2 shows the aperture utility for
these Wolter I modules (existing and proposed). Foil mirrors are labelled in
red, replicated mirrors in yellow and monolithic shells in blue. An aperture
utilisation of 50% is shown as a horizontal dotted line. It is unlikely that any
grazing incidence system could achieve better than this because of the
necessary shell thickness, support structure and the Fresnel reflectivity of
high-Z materials. All the monolithic shell modules lie below a utilisation of
10% but have better than 12 arcsec HEW. Such shells must be relatively
thick so that high figure accuracy and polish can be achieved. Foil mirrors
give high aperture utilisation but cannot be manufactured with high figure
accuracy and therefore they all have HEWs worse than 60 arcsec. Replicated
mirrors fall in between. The Exosat mirrors were not highly nested and
therefore did not achieve high aperture utilisation. The XMM-Newton
mirrors have the highest aperture utilisation yet realised. The XEUS point
shown corresponds to the design proposed below. It demands high aperture
utilisation coupled with relatively high angular resolution.
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2.3  Normal incidence
It is not practically possible to use spherical or parabolic (and perhaps off-
axis) segments in near-normal incidence to obtain the required collecting
area. Near-normal incident angles are very far from the optimum incident
angle for X-ray reflectivity. For a gold surface, the optimum incident angle
for 1 keV X-rays is 1.7º. It is very similar whichever high-Z material is used
(gold, nickel, tungsten, iridium etc). For a W-Si multilayer optimised for
1 keV, the optimum is a grazing angle of 3º; this angle is not a strong
function of the type of multilayer used. Fig. 3 shows the maximum surface
utility achieved at the optimum grazing angle, where the surface utility is
averaged over a band of 0.5-2 times the plotted energy to fulfil the broadband
requirement for XEUS. Note that the averaged surface utility over this band
is not drastically improved by using multilayers.
The reflectivity at 1 keV for normal incident angles is below 10–3 and
therefore the surface utility at normal incidence is more than an order of
magnitude lower than at grazing angles. The values for a simple metal
surface under normal incidence are considerably worse than this.
We conclude, simply from the reflectivities, that neither gold nor a multilayer
can be used effectively at normal incidence above 0.1 keV. We are therefore
forced to consider grazing-incidence designs, which is hardly a surprising
conclusion given the heritage in the design of telescopes for X-ray astronomy.
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Figure 2. The aperture utility (the effective collecting area divided by the aperture area)
plotted against the HEW (diameter that encloses half the flux of the focal spot) for XEUS
and various Wolter I modules developed in the past, at a photon energy of 1 keV.
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Figure 3. A comparison of the surface utility of gold and a W-Si multilayer coating with a
uniform d-spacing. The multilayer coating is optimised at each energy. At each energy, the
optimum grazing angle is calculated, and the surface utility for this grazing angle is
averaged over an energy band between 0.5 and 2 times this energy.
2.4  Grazing Wolter I versus Wolter II
In grazing incidence optics, a double reflection is required to obtain an
imaging optic (with a single reflection, the optic suffers severe coma). The
grazing angles for a given focal length are lowest for a geometry similar to a
Wolter I (Fig. 4a). The instrument length then equals the focal length. The
primary and secondary mirror surfaces can be directly connected. In this
case, the primary and secondary have about the same axial length and the
grazing angles of the two reflections are about equal. The total deflection
angle after two reflections is four times the grazing angle α. Wolter I shells
can be nested. The conventional Wolter I is nested and has connected
primary and secondary mirrors of about equal size. If the primary and
secondary mirror are separated by a significant distance the off-axis
response degrades (e.g. field curvature).
In a Wolter II geometry (Fig. 4b), the grazing angles of the first and second
surfaces are in opposition and for the same focal length the grazing angles
are thus much larger. The total length of the instrument is shorter than the
focal length (folding). The secondary mirror has to be separate and aligned
with the primary using some form of spider support. In practice, nesting is
not feasible. The conventional Wolter II is not nested and has a separate,
much smaller, secondary mirror.
In the case of a large unnested Wolter II optic, there is only one ring of
segments with each segment consisting of a single plate (Fig. 5). It is
expected that the optical quality of this plate could be made much better
than in the case of a dense nest of Wolter I surfaces. Therefore, this option is
possible with only two reflecting surface
figures – in the limit, only two mandrels.
Because the grazing angles are larger, the
reflectivity is lower than in a Wolter I design.
This could be overcome in a limited energy
band by a multilayer coating, which has its optimum at larger grazing
angles. The technology of multilayers would, however, have to be
significantly improved, and if the multilayers fail or degrade the collecting
area of the optic would be severely compromised.
Assuming a grazing angle of about 5º, the double-reflection surface utility of
a multilayer in the energy range 0.5-2 keV is about 0.04 (Fig. 3), so that for
20 m2 of area a polished surface of 500 m2 is required. In this case, if the
actual length of the primary section is 2 m, then the aperture is 80 m in
diameter. Note, however, that this surface utility can be obtained only in a
rather narrow energy band. To achieve a broadband response, the area must
be increased in proportion to the bandwidth. It therefore comes as no
surprise that the Wolter I geometry is better suited to the XEUS
specification.
2.5  Grazing incidence Kirkpatrick-Baez
For a given aperture diameter and focal length, the mean grazing angles of
a Kirkpatrick-Baez design (Fig. 6) are larger than for a Wolter I geometry
and hence the high-energy cut-off is lower. If high angular resolution is
10
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Figure 5. A Wolter II primary mirror with its aperture
divided into separate segments.
Figure 4. The geometry of a) a Wolter I telescope and b) a Wolter II telescope.
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Figure 6. A Kirkpatrick-Baez configuration for X-ray
optics.
required, the Kirkpatrick-Baez plates are at
least as difficult to manufacture and integrate
as Wolter I shells. The grazing incidence
Kirkpatrick-Baez geometry is best suited to
the multiple focal plane approach with
moderate angular resolution. It is more
difficult to achieve both large area and arcsec
imaging on a single focal plane with the
Kirkpatrick-Baez geometry than a Wolter I
design. We conclude that, given the starting
boundary conditions as discussed in Section 1,
a Kirkpatrick-Baez geometry is inappropriate
for XEUS.
2.6  LSM coatings for improving X-ray reflectivity
Layered Synthetic Microstructures (LSMs, also called multilayer coatings)
use the Bragg principle of coherent reflection to enhance the reflectivity of
X-rays from a surface (Fig. 7).
2.7  Reducing the surface area with LSMs
Using multilayers, it is possible to increase the surface utility, and so reduce
the polished surface area required. At lower energies, however, the
absorption of the X-rays limits the possibility
of improving the reflectivity over a large
energy band. We expect that the use of
multilayer coatings can reduce the required
amount of polished area by roughly a factor of
2 (Fig. 3). This would not require any major
change to the basic Wolter I geometry.
The use of multilayer coatings to improve the
response in the main energy range between
1 keV and 8 keV certainly needs further
study. The expected gain would need to be
traded against the cost of the additional
manufacturing complexity for each reflecting
element, and the risk of deterioration of the
coatings.
Figure 7. Multilayer coatings make use of coherent
reflections to enhance the X-ray reflectivity in
comparison with a single Fresnel reflection.
2.8  LSM for improving the high energy response
Above 10 keV, the grazing angles for optimum surface utility are very small.
If the smallest grazing angle practicable is 0.3º then multilayers have a
distinct advantage over a gold surface. Using small grazing angles, a
multilayer coating provides a high Fresnel reflectivity below 10 keV
combined with some response above 10 keV. So, for example, a multilayer
coating on an XMM-Newton-style module could produce an extended
response up to 40 keV.
Constant d-spacing
Layer pairs of heavy and light elements with Å-accuracy in thickness and a
constant d-spacing have high reflectivity at particular wavelengths that
satisfy the Bragg condition (Fig. 8a). At an incident angle of 0.3º, the Pt/C
multilayer with a d-spacing of 40 Å gives 90% peak reflectivity at 30 keV
(red line in Fig. 9), while the Pt mono-layer gives less than 1% in terms of
total reflection (blue line in Fig. 9). The bandwidth is inversely proportional
to the number of effective layer pairs. Usually E/∆E is 20-30 in tens of keV
range, because such X-rays can penetrate only several tens of layer pairs
with a d-spacing of 40 Å at the incident angle of 0.3º.
Variable d-spacing
In the high-energy band, the best results are obtained using different d-
spacings stacked on top of one another, creating an aperiodic structure,
rather than using different d-spacings on different surface areas. This has
the effect of improving the surface utility of the multilayers above 10 keV.
An effective area of 2000 cm2 at around 30 keV can be provided by the
multilayers deposited on the inner mirror shells of XEUS1 within r < 1.2 m.
If the deep layers have shorter d-spacing (Fig. 8b), they add another peak on
12
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Figure 8. a) A multilayer coating with a constant d-spacing efficiently reflects only a limited number of narrowband
wavelengths. b) A multilayer coating with a graded d-spacing can enhance the reflectivity over a broad energy band.
Longer wavelengths, which are easily absorbed, are reflected by surface multilayers with larger d-spacing, whereas
shorter wavelengths, which can penetrate into deeper layers, are reflected by bottom layers with shorter d-spacing.
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the high-energy (shorter wavelength) side of the main peak. Therefore,
graded density multilayers can give considerable reflectivity in a broad
energy band, as shown with the black line in Fig. 9. The d-spacing of a model
design is plotted in Fig. 10 against the layer number from the surface to the
substrate. Here, the d-spacing ranges from 50 Å to 30 Å, which gives the
bandwidth from 24 keV to 40 keV at the incident angle of 0.3º, where E/∆E
becomes 2-3. Such a broad energy response is preferable for astrophysical
applications. However, we have to pay a penalty of 40-50% reduction in peak
reflectivity. This is partly due to absorption in the upper layers and also to
the limited number of layer pairs active for each X-ray energy. Such a
variable d-spacing mirror can be optimised according to the grazing angles
and surface areas present in the basic mirror configuration.
Top coating – an X-ray Supermirror
The reflectivity curve of the graded-density multilayer in Fig. 9 is lower in
the energy band from 10 keV to 20 keV than that of the mono-layer shown
with the dot-dashed line. If we deposit a relatively thick Pt top layer, soft
X-rays are reflected from this top layer without interference from
subsequent layers.
In Fig. 10, a 50 Å Pt layer is added to the first layer of 20 Å Pt. Then the
structure becomes Pt(70) + C(30) + Pt(20) + C(30) and so on. The expected
reflectivity of such a graded-density multilayer with a top coating is shown
in Fig. 9 by the solid line. The deficit in the 10-20 keV band is totally
Figure 9. The reflectivity of a Pt mono-layer (blue), a Pt/C multilayer with a constant 
d-spacing which boosts the high-energy response in a relatively narrow band (red), and a
Pt/C supermirror with a Pt top coating which provide a much wider response (black).
recovered but there is still a small loss in reflectivity around 24 keV. The top
coating of 70 Å is thick enough to reflect X-rays below 20 keV at the incident
angle of 0.3º, while it becomes transparent for energies above 20 keV.
Compared to the response of a Pt mono-layer reflector, the graded density
multilayer with the top coating has superior response in all energy bands;
hence such a mirror is called an X-ray Supermirror.
If the X-ray energy band of interest is tens of keV wide, incident angles below
0.35º are required. At incident angles greater than 0.35º, many layers are
required to obtain sufficient reflectivity and then the bandwidth (inversely
proportional to the number of layer pairs N ) cannot be broadened. Therefore,
even with 100 layer pairs or more, it is not possible to achieve large
integrated reflectivity (the product of the band width and mean reflectivity
over the band). Although it is not relevant for the baseline XEUS design, it
is possible to tune multilayers to obtain high reflectivity at energies greater
than 50 keV. For example, a mirror can be produced suitable for narrowband
observations of 44Ti lines at 68 keV and 78 keV.
If the largest incident angle is limited to be 0.35º, the outermost radius of
mirrors that need to be coated is 1.2 m. This radius corresponds to the outer
radius of the innermost petal of XEUS1. For the XEUS2 mirrors, the




Figure 10. The d-spacing of the layers in the supermirror.
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Figure 11. An example of an imaging microstructure made from glass (left) with walls that are only 2 µm thick (right).
2.9 Micro-channel plate (MCP) optics for low-energy and 
high-energy response
Microstructure approximations to grazing incidence geometries (either
Kirkpatrick-Baez or Wolter I 8) have the advantage that the reflecting
surfaces are very thin, resulting in very low-mass mirrors and high aperture
utilisation (Fig. 11). With current technology, lobster-eye optics (Kirkpatrick-
Baez geometry) can be made, but the angular resolution is limited to 
2-3 arcmin. In order to improve on that, an approximation to a Wolter I
geometry has been developed, for which an imaging resolution of 1 arcmin
has been achieved. A major technology development step would be required
to improve that imaging quality to the XEUS requirements.
The microstructures have the advantage that a large number of surfaces can
be placed very close to the optical axis, giving very small grazing angles,
which makes microstructure optics suitable for a possible high-energy
extension of the main mirrors. Given the lower flux at higher energies from
most sources and therefore a lower effective source density, the present
limited angular resolution of microstructure optics is probably acceptable.
3 Optical design trade-off
3.1 Baseline design
Considering the options for soft X-ray optics described in the previous
chapter, it is concluded that only grazing incidence optics in a Wolter I
configuration can be effectively employed for XEUS. Although multilayer
coatings can increase the effective collecting area above 10 keV, they do not
dramatically increase the surface utility over a broadband around 1 keV. As
a baseline, the design of the XEUS optics is therefore based on a Wolter I
approach using a traditional single-layer metallic coating. The use of
multilayer coatings is regarded as an option to increase the collecting area
at higher energies.
3.2  Surface material
The maximum surface utility for a double reflection at grazing angles is
plotted in Fig. 12 as a function of energy for a variety of materials that could
potentially be used as a coating layer for the mirrors. The density is taken
as the bulk density at room temperature. The figure shows that, for all
materials shown, the surface utility is 0.5-0.9% at 1 keV, and 0.15-0.25% at
8 keV. The best material at 1 keV is berylium and at 8 keV it is iridium.
Given the long experience with gold, and the fact that it performs within 30%
of the optimum choice at both 1 keV and 8 keV, gold is used as the baseline.
Note, however, that the performance of the telescope can be improved if
advances in technology make it possible to use other materials for the
superpolished surface of the mirrors. Further studies of the possible
advantages to the design of changing the reflective material as a function of
nested mirror radius are to be performed. It has already been mentioned
16
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Figure 12. The maximum surface utility of various materials.
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Figure 13. Gold reflectivity versus grazing angle at various photon energies.
that multilayer coatings may also improve the high-energy performance,
which is particularly interesting for the innermost mirrors, which operate at
smaller grazing angles.
3.3 Characteristics determined by the X-ray reflection properties
of gold
The optimum design of a gold-coated Wolter I is driven by the reflectivity R of
gold as a function of energy E and grazing angle θ. This is plotted in Fig. 13.
The value of R 2 sin θ is plotted for gold at different energies in Fig. 14. The
optimum surface utility at 1 keV is 0.5 R 2 sin θ = 0.00613 at a grazing angle
of 1.65º. To obtain 20 m2 of effective area at 1 keV, a minimum mirror area
of 3200 m2 is thus required.
The square of the reflectivity at different energies at the optimum grazing
angle for 1 keV is shown in Fig. 15. This function scales the effective area at
energies other than 1 keV. It shows that the response at 8 keV is at least 5
orders of magnitude below that at 1 keV, for a telescope optimised for 1 keV.
In order to get the desired 8 keV area, the design has to be less than optimal
for 1 keV, by including shells at a lower grazing angle or using all shells at
a lower grazing angle. For a ratio of 20 between the 8 keV and 1 keV
responses, which would provide 1 m2 at 8 keV when the optics have the
required 20 m2 at 1 keV, the ratio of the reflection coefficients for a single
reflection must be √20. This occurs at a grazing angle of 0.61º (Fig. 16). At
this angle, the surface utility at 1 keV is reduced by 37%, so that at least
5000 m2 of mirror surface is needed.
At the optimum grazing angle for 1 keV, the shells make an angle of 1.65º
with the optical axis. The width d of the projection of a single shell onto the
aperture is the sine of this angle times the length lp of the parabolic section,
which at 1.65º equals 0.028 lp. For a parabolic length of 0.50 m this width is
14 mm. The mirror spacing for shells with a parabola that is 0.50 m long is
18
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Figure 14. The effective use of mirror surface area in a gold-coated Wolter I configuration.
The curves are labelled with the energy of the incident photons.
Figure 15. The reflection coefficient of a double reflection on gold (both reflections at a
grazing angle of 1.65° – the optimum graze angle for 1 keV) as a function of photon energy.
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Figure 16. The ratio of reflection coefficients at 8 keV and 1 keV as a function of grazing
incidence angle. The indicated point corresponds to a ratio of 1/√20 for a single reflection,
which results in a ratio of 20 for the double reflection that occurs in a Wolter I telescope.
therefore about 14 mm for a grazing angle optimised for 1 keV, regardless of
the focal length.
If a degradation of the surface utility at 1 keV of 50% is accepted, grazing
angles between 0.5º and 3.0º can be used (Fig. 14). The average of R 2 in this range
is 0.4. The average surface utility (R 2 sin θ) is 0.010, so that 6000-6500 m2 of
mirror surface is needed to obtain the required 20 m2 effective area.
Note that the final mirror area is determined by the optimum grazing angle.
The mirror mass is thus proportional only to the mirror thickness and
density. With very thin mirrors, the mass can thus be greatly reduced
providing the shells are stiff enough to support the required figure. The
number of mirrors required is determined by the length of the shells. 
3.4  Focal length
Careful consideration of the focal length is important for the technical
feasibility, as well as cost. The minimum focal length is determined by the
requirement on the 1 keV effective area. Assuming an aperture utilisation,
U, of 50%, which is close to the highest value that has been achieved to date,
the maximum effective area at 1 keV is UR 2 ~ 20% of the aperture area. To
obtain an effective area of 20 m2, the aperture area thus has to be 100 m2. To
achieve this aperture between the grazing angles of 0.5º and 3.0º, the focal
length, f, has to be at least 27 m. The shells then extend from radius
r = 0.95 m to r = 5.7 m.
A longer focal length will result in a better high-energy response. A 25 m
focal length telescope with a diameter of 4 m has a ratio of effective area at
1 keV over the area at 8 keV of about 5. This ratio is reduced to only 1.7 for
a focal length of 50 m.
If the focal length is increased further, a smaller range of angles is required
and the efficiency moves closer to the optimum. It also allows the effective
collecting area to extend beyond the 20 m2 required without losing surface
utility dramatically. The maximum reduction in mirror surface area is
however not more than 20%, since the optimum angle already requires
3200 m2 of geometrical surface area. Note that a larger focal length implies
a larger circumference around the optimum angle, so that the number of
mandrels needed to achieve the same effective area can be reduced.
With a longer focal length, the extension ring (XEUS2) contributes to the
area up to higher energies. Whereas an f = 25 m design can be extended only
below 2 keV, the area of an f = 50 m telescope can be extended up to 7 keV.
Fig. 17 shows the effective area as a function of photon energy for 10 m-
diameter optics, of which the central 1.3 m diameter is blocked, for focal
lengths of 10, 25 and 50 m, respectively.
There are obviously clear advantages from the viewpoint of mirror design,
fabrication and performance for having a focal length longer than 25 m.
However, a closed optical bench structure even 25 m long would be difficult
to launch and/or assemble in space and difficult to design with the required
stiffness, light integrity and thermal properties. Therefore, the mission is
implemented using two freeflying spacecraft.
The focal length is limited by the ability of the detector spacecraft to maintain
the distance and alignment between the mirror and focal plane detector. The
orbital forces increase
with the focal length: for
a focal length of more
than 50 m, the tracking
spacecraft would deplete
its propellant too rapidly.9
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Figure 17. The effective area of
10 m-diameter optics, where
the central 1.3 m diameter is
blocked, for focal lengths of
10, 25, 50 m.
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4  Detailed design
4.1  Nesting
The optic is designed as a nest of gold-coated Wolter I mirrors. The spacing
of the mirrors is determined by the slot width of each mirror, which is the
extra spacing between the mirrors as compared to a closely packed nest of
infinitely thin Wolter I surfaces. In the case of a mirror of uniform thickness,
the slot width has to be at least equal to the mirror thickness in order not to
block the X-rays from an on-axis source (Fig. 18).
4.2  Wolter I surfaces
The baseline design parameters of Wolter I optics for XEUS with an open
structure are:
Focal length 50 m
Geometry Wolter I with possibly integrated 
baffle extensions
Slot width 1.0 mm
Parabola length 0.50 m
Surface material gold
RMS surface roughness 5 Å
Open core diameter 1.30 m
Outer diameter XEUS1 4.07 m
Outer diameter XEUS2 9.90 m
Fraction of circumference 10%
blocked by structure
These parameters lead to a mirror nest that consists in the initial launch
(XEUS1) of 296 mirror shells, where a shell is a surface of revolution of both
a parabolic and a hyperbolic part (as in XMM-Newton). The spacing of the
smallest shells is 2.8 mm; the spacing of the largest is 6.0 mm. After the
extension sectors are added, the nest consists
of 562 Wolter I surfaces, with a spacing up to
13.3 mm.
The shell thickness must be < 1.0 mm in
order to yield high aperture utility; in the
case of nickel shells, it must be < 0.5-0.3 mm
in order to limit the mass. Yet these thin
shells must be manufactured with high
figure accuracy and with very low surface
roughness, and they must be stiff enough to
be integrated and aligned in a Wolter I nest
with high accuracy and without undue
distortion from handling or gravity. It is
Figure 18. The minimum required slot width in a
closely packed Wolter I nest.
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expected that the angular resolution (HEW) will depend on the stiffness of
the shells which, in turn, depends on the material properties (Young’s
modulus, E ; density, ρ) and the thickness, d. Since the radius of the shells
is much larger than the thickness, the stiffness scales roughly with
Fig. 19 shows this approximate stiffness parameter plotted against angular
resolution for the best Wolter shells produced using aluminium foils (ASCA),
electroformed nickel (XMM-Newton) and monolithic Zerodur (Chandra). The
dotted line is for index α = –1.05. Even though stiffness is an important
parameter, other material properties also influence the figure quality, such
as the internal stress that can be present in electroformed nickel.
Replication combines the advantages of thick monolithic shells and thin
foils. The mandrel can be very stiff and manufactured to high accuracy.
Providing the replicated shells can be released, handled and integrated
without introducing excessive distortions, the final optics will have better
performance than the equivalent monolithic shells (in terms of mass) or foils
(in terms of resolution), as indicated in Fig. 19.
The total reflecting area in the baseline design of XEUS is 8117 m2 so there
is no doubt that some form of replication must be used to manufacture the
Wolter I surfaces. In order to meet the angular resolution specification, an
improvement of the current replication mirror technology is needed.




Assuming nickel shells of thickness 0.3 mm, the total mass of the mirror
shells in the initial configuration is 6.4 t which, although high, is within the
launch capabilities into low Earth orbit of current launchers. With a mirror
thickness of 0.3 mm, the mass of the mirrors in the extension rings is 15 t.
Other studies indicate that even though this mass could, in principle, be
taken into a low Earth orbit in a single launch, requirements on the centre
of gravity and additional structural mass overheads make this impossible
with current launchers. It is therefore deemed necessary to reduce the mass
of the mirror plates in the extension sectors, for example by reducing the
thickness compared with the initial launch, or to identify alternatives to
nickel electroforming that provide lighter optics while retaining stiffness etc.
It is therefore clear that investigations into alternative methods of producing




5  Mission configuration
5.1  Wolter I sectors
The required Wolter I shells are very large and cannot be manufactured
monolithically. We therefore have to rely on a mirror built up from sector
modules. The primary mirror can be constructed in stages, effective area
being added at each stage until the full complement of modules provides the
total area. As technology improves, the segments added later in the mission
could differ from those installed earlier. This means that, during the initial
stage, the sector layout and the detector placement have to be decided; it is
not necessary to fix the contents of the sectors for the entire lifetime of the
mission.
Each module should be self-contained so that it constitutes a complete
integrated, aligned and calibrated mirror system. The fundamental
difference between XEUS modules and those constructed for telescopes such
as XMM-Newton is the combination of modules to produce a single focus. In
geometrical terms, this forces such modules to be off-axis segments or
sectors. These sectors should be filled with nested Wolter I mirror shells. In
order to obtain a single focal point, these sectors have to be off-axis focusing
elements, with the optical axis outside the segment. The surfaces are no
longer complete surfaces of revolution (as they are for XMM-Newton and
Chandra), but sector plates instead.
5.2  Mirror petals
To optimise replication, the segments should be as identical as possible. The
sector filling shown in Fig. 20 has identical segments in each ring. To obtain
comparable segment sizes, sectors in larger
rings should have smaller angular spans. A
single segment in a sector is known as a
petal and is identical to petals placed at the
same radial position in other sectors.
In the case of a nested Wolter I optic, the
petals contain a part of the surface of
revolution. A petal is thus filled with plates
curved along the Wolter I surface of
revolution with an accuracy of 5 arcsec or
better. The plates have to be aligned in the
petal structure, and the petals have to be
aligned with one another, all to the same
Figure 20. A possible configuration to split the
aperture of XEUS into segments. Except for the core
diameter of 1.3 m, which contains the main
spacecraft subsystems, each segment is filled by a
mirror petal. Parts of some petals are replaced with
spacecraft subsystems, indicated in blue.
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accuracy. The petals are identical within each ring. It is possible, however,
to use different coatings, for example to cover a larger bandwidth in the case
of small bandwidth multilayer coatings.
The mirror petals will contain integrated baffles to limit optical and X-ray
stray light. To block single-reflection X-ray stray light, baffling rings could
be used, as on XMM-Newton. Alternatively, each mirror plate could have an
integrated cylindrical/conical extension that blocks single reflections. Such
integrated baffles add two kinks in each mirror plate, increasing stiffness.
5.3  Petal design
The mirror petals have the shape of an angular sector with a fixed height. 
They contain a series of mirror plates, all with the same angular
(circumferential) extent. The mirrors have to be integrated with gaps of
between 2.8 mm and 13.3 mm. The petal is basically a simple box with an open
top and bottom. On the side faces, provisions are made to fix the mirror plates.
The petal could be subdivided with a wall parallel to the optical axis along a
radius, in order to reduce the required width of the mirror plates and to
maintain an adequate degree of stiffness. A schematic of a single petal is shown
in Fig. 21.
An optical and thermal baffle is integrated into each petal. Naturally, the
baffle structure should be located in the line of sight of the walls of the petal
itself, to reduce further blocking of the aperture. The detailed design of the
petal baffles has to be studied further at the system level in conjunction with
a stray-light analysis.
The top and bottom of the petal
must carry a door that can be
closed to seal the interior against
contamination when necessary,
such as during rendezvous with
the ISS.
Each petal has its own optical
alignment element (e.g. a corner
cube). This can be used to align the
petal during testing, as well as to
adjust the alignment in orbit.
Figure 21. A single mirror petal showing




5.4  Overall mirror configuration
The petals will be mounted to the optical bench that spans the aperture of
XEUS. To increase the aperture utility, the structure of the optical bench is
located behind the petal walls. The petals have to be mounted to the bench
with motor adjustments for each to allow active alignment of the petals in
orbit (see below).
5.5 Two freeflying spacecraft without a closed optical bench
structure
XEUS is to be launched into a low Earth orbit and it will operate about half
the time in the shadow of the Earth and above a dark Earth. Therefore it is
planned to build XEUS as two spacecraft without a tube surrounding the
optical bench. Further discussion of this is presented in Section 8.
Preliminary evaluation of the level of scattered light reaching the focal plane
indicates that this is a feasible approach. Further studies covering the focal
plane design are necessary.
A detailed concept study has demonstrated the technical feasibility 
of the two-spacecraft approach. In the subsystem design phase, the
characteristics required of the attitude and orbit control subsystem will be
refined.10
5.6  Mirror spacecraft
The mirror spacecraft is largely passive but the following systems are
expected:
— primary pointing is achieved by controlling the attitude of the mirror
spacecraft (MSC). The detector spacecraft (DSC) then positions itself at
the focus of the MSC.
— the MSC continuously rotates about the optical axis to reduce thermal
gradients across the structure. Further active thermal control may be
needed to reduce thermal distortions and misalignments that degrade
the angular resolution.
— active alignment of the petals is required to establish and maintain high
angular resolution.
— manoeuvring and docking system for the ISS rendezvous.
— radio telemetry systems to connect the DSC and MSC, and to connect to
the ground or the ISS.
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6  Expected performance
6.1  Effective area and vignetting
Fig. 22 shows the effective area of the mirror spacecraft in the initial
configuration (MSC1) and after extending the diameter to 10 m at the ISS
(MSC2). The effective area and angular resolution are compared with other
missions in Fig. 23.
For XEUS2, the effective area at 1 keV remains constant to within 4.3%
within the 5 arcmin field of view (Fig. 24 shows the vignetting function at
1 keV and 8 keV as estimated from
ray tracing). At 8 keV, the effective
area is reduced by 17% at the edge
of the field of view. For XEUS1,
these numbers are 10.6% and
16.8%, respectively.
Figure 22. An estimate of the effective
collecting area that can be obtained with
the segmented Wolter I optic with a focal
length of 50 m as designed for XEUS.
XEUS1, directly after launch, would have a
diameter of about 4.5 m. XEUS2, extended
with additional mirror modules by a visit to
the ISS, would have a diameter of 10 m and
a considerably larger effective area below
5 keV. The inset shows, on a linear scale,
the dramatic increase in effective area
from XEUS1 to XEUS2.
Figure 23. A comparison of the effective area and angular resolution at 1 keV of XEUS, both
before and after the extension, with other existing or proposed missions. Red: foil optics;
blue: monolithic shells; yellow: replicated optics.
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Figure 24. The vignetting function of XEUS2, assuming that the mirrors are coated with
gold.
Figure 25. The half-energy width (the diameter of the circle that encloses 50% of the energy
in the focal spot) as a function of the distance from the focal plane, based on ray-tracing the
XEUS2 configuration with an optimum HEW of 5 arcsec. Shown is the geometrical HEW,
which is obtained by disregarding the reflection coefficient, the diameter for 1 keV and
8 keV radiation, and an estimate for the depth of focus between 25 keV and 40 keV for a
supermirror coated optic, assuming a maximum grazing angle of 0.35º.
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6.2  Depth of focus
The depth of focus differs significantly between XEUS1 and XEUS2, and is
in general larger at higher energies because only the innermost mirror
plates contribute to the focus. Fig. 25 shows the depth of focus based on a
Monte-Carlo ray-tracing simulation of the response. The line marked
‘geometrical’ is determined from the path of the rays, disregarding the
reflection coefficients. The depth labelled 1 keV and 8 keV take the reflection
coefficients at these energies into account. The line marked ‘high energy’
corresponds to the geometrical depth of focus for the inner mirror up to a
radius of 1.22 m, which corresponds to a grazing angle of 0.35º. Assuming
that the reflectivity can be boosted between 25 keV and 40 keV up to this
grazing angle of 0.35º, this point corresponds to the depth of focus at 25-
40 keV.
The depth of focus depends severely on the opening angle of the telescope
(and differs therefore considerably between XEUS1 and XEUS2) and varies
considerably with energy (Fig. 26).
6.3  Off-axis image quality
Typically for Wolter I optics, the image quality is reduced for larger off-axis
angles. Fig. 27 shows the increase of the spot size at 1 keV as a function of
the off-axis angle of a source.
Figure 26. The depth of focus of the XEUS1 and XEUS2 optics for different energies. The
value on the vertical axis is the length over which the half-energy width of the focus is less
than 1.41 times the optimum HEW. The depth of focus depends on the assumed imaging
performance of the optics; data are shown for an assumed optimum HEW at 1 keV of
2 arcsec and 5 arcsec, respectively. The point labelled ‘high energy’ is an estimate for the
depth of focus between 25 keV and 40 keV for a supermirror coated optic, assuming a
maximum grazing angle of 0.35º.
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Figure 27. The half-energy width of the focus of XEUS assuming an optimum HEW of
5 arcsec and 2 arcsec, plotted as a function of the off-axis angle of the source.
Figure 28. The effective area of the XEUS telescope with and without an X-ray supermirror
(XEUS-H and XEUS-I/II, respectively), compared with the response of other missions.
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6.4  Optional LSM enhancement of the high-energy response
The effective collecting area of the XEUS1 telescope with an X-ray
supermirror is shown in Fig. 28. The dashed line shows the area of the
XEUS1 telescope without supermirrors, which is limited to less than 10 keV.
If the inner mirror shells of the telescope are coated with supermirrors, we
can obtain the area shown with the dot-dashed line (XEUS-H), which
extends up to 40 keV. At 30 keV the area becomes 2000 cm2. The area below
10 keV is not changed because the top coating reflects low-energy X-rays as
a mono-layer. In the XEUS2 telescope, the newly added outer petals have
larger incident angles where the supermirrors are not effective. In this
simulation, an interfacial roughness of 3 Å RMS is used. It may be possible
to improve this in the future to increase the effective area a few tens of
percent. More detailed optimisation is needed, depending on the scientific




7  Technology issues
7.1  Technology issues at plate level
The main challenge at the plate level is to produce plates that are light and
at the same time stiff enough to be integrated without distortion and to
withstand launch conditions without deterioration. The mass and space
available for each plate are both limited. In the design, the slot width is
limited to 1 mm, and to keep the mass reasonable the plates cannot be
heavier than a plate of 0.3 mm-thick solid nickel for XEUS1, and less for the
XEUS2 extension.
Given the large surface area, the plates have to be produced through
replication from a mandrel with the appropriate quality of figure and finish.
Top-level requirements are that the combined image quality of the petals,
fully integrated with the mirror support structure, should provide a
resolution of 5 arcsec, with a goal of 2 arcsec HEW at 1 keV, and the surface
roughness should be low enough (3 Å RMS) so that the reflectivity is not
significantly reduced and the image quality is not significantly deteriorated
in the higher energy ranges, around 10 keV. These can be translated into
more specific requirements on measurable quantities of the plates. XMM-
Newton experience shows that suitable metrology of the optical components
and of the mirror assembly during integration can achieve the required fully
integrated performance.
During the development of the required technology, it must be determined
whether ribs or other methods can be used to increase plate stiffness. Based
on XMM-Newton experience, there is considerable risk of rib print-through,
which means that the structure at the back is in some form visible on the
reflecting side of the mirror, reducing the performance.
In Europe, there is extensive knowledge of replication using electroforming
with nickel and composites. Other methods, such as carbon-fibre reinforced
polymer (CFRP), sandwiches and ceramic materials, have been studied
extensively (the original baseline technology for XMM-Newton was CFRP).
These approaches need pursuing, although to date they have not been able
to match the performance obtained with nickel. The baseline technology for
the mirror plates is therefore currently nickel electroformed replication.
However, mass considerations alone means that other approaches must be
investigated during the project’s early research and development phases.
The major step is extending the technology developed for closed cylinders to
open plates that have limited curvature in both directions. Better control of
thickness uniformity, internal stress and the edges is required than achieved
on XMM-Newton.
The open surfaces also require improved handling procedures. Whereas
gravity is more or less balanced in a vertical closed cylinder, the open plate
has to be carefully suspended to prevent gravitational distortion. However,
the open surface geometry also allows the plate to be held along its sides.
The optimum orientation might be to hold the plate horizontally, suspended
33
XEUS
by wires so that the natural curvature caused by gravity closely matches
that of the plate. The suspension mechanism should be optimised by finite
element analysis.
7.2  Technology issues at petal level
The major challenge for the mirror petals is the development of a method to
mount the mirror plates into the petal structure such that their image
quality is not deteriorated and that the petal will withstand the launch and
operational environment. Previous projects have shown that small intrinsic
mirror distortions make it difficult to force the mirrors into shape, for
example against precision machined surfaces. Distortions inherent in a
mirror will be transformed into other, larger distortions, when some points
of the mirror are forced into shape. The mirror plates should therefore be
integrated into the petal structure in the shape they establish when they are
suspended with the lowest possible stress levels. It might however be
possible to remove some of the twist that is typical for the almost flat plates
of XEUS.
It is expected that integration will be performed in a way similar to that of
XMM-Newton. This means that the mirrors are suspended as stress-free as
possible for acceptable image quality, and then they are fixed with glue. The
mechanical and thermal properties of this method need be investigated.
The production of the petal structure itself does not require significant
advances in technology. It is important that the thermal expansion
coefficient of the structure matches that of the mirrors so that the mirrors do
not distort over the whole range of operating temperatures. If the mirror
plates are integrated using closed-loop alignment and an adjustment method
that is followed by glueing, then the petal structure does not need very high
dimensional precision.
7.3  Alignment of petals
An image quality of 2 arcsec HEW corresponds to a half-energy diameter of the
focal spot of 0.5 mm. The optical bench on which the mirror petals are placed can
be expected to distort owing to thermal gradients, acceleration forces and ageing.
Such distortions are estimated to be of the order of 1 mm. It will therefore be
necessary to align the petals actively within the integrated mirror assembly in
orbit. Distortions within individual petals are expected to be much smaller than
1 mm, so active alignment of individual mirror plates is not required.
The alignment of individual petals has to be performed along two axes, such as
radial translation and axial rotation. Two degrees of freedom are enough to move
the focal spot of each petal in the focal plane, and thereby to overlap all of them.
The depth of focus of a single petal is several cm. Distortions of the aperture
plane are expected to be considerably smaller. It is therefore not necessary
to adjust the distance of individual mirror petals from the focal point.
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Given the large thermal capacity of the mirror system (assuming a baseline
of electroformed nickel), the temperature distribution of the spacecraft is not
expected to change during an orbit. When the spacecraft pointing changes
significantly, the temperature distribution will shift but it is expected that
the optical bench can be built so that it does not create petal misalignment
(order 0.2 mm). Alternatively, the correction has to be calibrated so that it is
known for each pointing. 
In order to align the mirror petals without losing observing time, and in
order to align the petals for any given pointing, it is desirable to have an
independent optical system. The system could consist of aligned and
calibrated reflectors mounted on each petals.
7.4  Operating temperature
Other studies10 have shown that the operating temperature of the optics in orbit
will be around –30ºC. The power required to heat the optics, which face the cold
sky with a large aperture, is excessive. It has therefore to be taken into account
in the production, integration and calibration that the optics will operate well
below room temperature. It is expected that thermal gradients within a petal
can be limited to the order of 1ºC, assuming that the mirror spacecraft slowly
revolves around its axis to distribute the solar heat load. It has to be investigated
whether further measures are required to reduce thermal gradients. 
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8 Stray light in the two-spacecraft
configuration
8.1 Stray light
The amount of radiation transmitted through the optics is not influenced by
the presence of a closed structure between the mirror and the detector.
Without an enclosing tube the mirror is, however, also illuminated from the
back and reflections will bring some fraction of this radiation to the detector.
Any baffle on the detector must keep the entire primary optics visible to the
detector, so it is not possible to construct a detector baffle that blocks this
reflected radiation. IR and longer wavelengths are absorbed mainly by the
surfaces and re-emitted as thermal radiation. The presence or absence of the
tube influences the amount of IR radiation mainly because of the change in
temperature. Wavelengths shorter than optical are very inefficiently
reflected. Optical wavelengths from other celestial objects and the mirrors,
however, are efficiently reflected. The most important part of the spectrum
with regard to stray light caused by the absence of a closed structure is
therefore the visible.
8.2 Optical stray light sources
The main source of radiation is the Sun. In its low Earth orbit, XEUS has
two operating modes: sunlight and shadow. In the first mode, XEUS is
directly illuminated by sunlight. A dense filter on the detectors is required
and will limit the response at the lowest energies (below 500 eV). In the
second mode, when XEUS is in the Earth’s shadow, the spacecraft are not
directly illuminated by the Sun. As they operate above the dark Earth, there
is also no sunlight reflected from the Earth.
The next largest contribution is from the Moon. For about half the time, the
Moon is shielded by the Earth. For the other half, it:
— can be kept at about 90º to the optical axis and shielded by a short baffle
on the mirror and detector spacecraft.
— can be kept in front of the mirror spacecraft, outside the field of view, and
shielded by an optical baffle in the entrance aperture of the mirror
spacecraft, or
— illuminates the rear of the mirrors.
As the optics have to point away from the Earth during observations, the
light of the Moon reflected from the Earth can illuminate the rear of the
mirrors, unless a large shield or tube is used. In the absence of the Moon and
Earth, the planets and stars will contribute stray light, but at much lower
levels.
The resulting light loads can be estimated from the luminosity, or albedo, of
the celestial object. The flux of the Sun is of the order of f = 1 kW m–2 at the
distance of the Earth. This light does not directly illuminate the spacecraft
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during night-time observations. The amount of sunlight reflected from the
Moon can be estimated from the lunar radius r = 1738 km and albedo
a = 0.068, and will be about
The flux at the distance of the Earth d = 3.8×105 km is then about
For a low orbit, the lunar flux reflected by the Earth is equal to the flux from
the Moon multiplied by the Earth’s albedo of 0.39, which gives
The flux from stars and planets is much lower than this.
8.3  Stray light flux in the focal plane
Removing the tube enclosing the volume between the mirrors and the focal
plane causes light to reflect from the rear of the mirrors. Wolter I optics with
a collecting area of 10 m2 at 1 keV using a reflecting surface made from gold
requires about 2000 m2 mirror area. If the mirrors are 1 m high, the sum l of
the circumferences of the mirrors is around 2000 m. As a lower bound, we
assume diffraction of the mirror edges only, which gives a reflection area of
about the length of the edges times the wavelength λ (two edges per surface):
A worst-case estimate is to assume that each mirror reflects 50% over its full
thickness w of, say, 1 mm. This gives a reflecting area of 
(The true worst case is, of course, that the full mirror area reflects perfectly,
which would give a reflecting area of the order of 75 m2. We assume it is
possible to stay at least a factor of 40 below this.) 
Note that even when the optics are illuminated from the back, the area
between the mirror shells is very dark because specular reflections from the
mirrors mean that only the region of sky in the field of view is visible, and
not the backside of the mirrors. Only large-angle scattering from the
polished parts of the mirror, diffraction or stray light paths can bring light
from outside the field of view towards the detector. Since the polish of the
mirrors is very good, the scattered intensity is low. The stray-light paths
have to be blocked with appropriate baffling.
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Mirror support structures such as spider, boxes and baffles also reflect light.
These structures must have rough and black surfaces, so that the minimum
amount of light is reflected over large angles. Baffles might have to be
applied to shield the support structure. As a worst-case estimate, it is
assumed that an area of 10 m2 reflects with an albedo of 0.1, yielding an
effective reflecting area of 1 m2.
We thus use 2 m2 as a worst-case estimate of the total effective reflecting
area of the mirrors and the support structure. We further assume that the
surfaces are so rough that they scatter isotropically over a solid angle of 2π,
and assume a focal length of 50 m.
When the Sun is shielded by the Earth and the Moon is at about 90º relative
to the optical axis and shielded by a short baffle, the main optical load is then
illumination of the backside of the mirrors by the light of the Moon reflected
from the Earth. The power reflected from the mirrors is
and the flux at the detector is
where d is the distance to the detector (about equal to the focal length). The
resulting flux is between 5×10–11 (Alow) and 2.5×10–8 (Ahigh) W m–2, based on
the reflecting area of between 40 cm2 and 2 m2. A detector pixel of 50×50 µm
would therefore receive 1.3×10–19 W to 6.3×10–17 W, or 0.7-300 photons at a
wavelength of 1 µm (2×10–19 J).
When the Moon is not shielded and illuminates the mirror as well, the
maximum flux onto the backside of the mirrors is about factor of three
higher. When the Moon is absent (half the time), the flux drops by an
estimated two orders of magnitude, which gives photon fluxes of between
10–2 and 3 photons per pixel per second.
8.4  Optical stray light versus optical sources
These stray-light levels can be compared with the load from astronomical
optical sources in the field of view. Assuming that the light from a star is
imaged uniformly onto a circle of 2 arcsec diameter (radius 0.24 mm, area
0.18 mm2), which covers N = 74 pixels of 50×50 µm, the power per pixel from
the light of the Moon reflected from the Earth is then about equal to that
generated by an optical source with a total power on the detector of
Psrc ~ N Ppixel = 9.6×10–18 ... 4.7×10–15 W
Assuming a collecting area of 20 m2 in the visible, this corresponds to a flux
in the aperture of
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faper = 4.8×10–19 ... 2.3×10–16 W m–2 = 4.8×10–16 ... 2.3×10–13 erg cm–2 s–1
The flux from a star of apparent bolometric magnitude mb is 10
f = 2.48×10–5 × 10–0.4mb erg cm–2 s–1
or
which gives an apparent bolometric magnitude of 20-27. The stray-light level
per pixel from the dark Earth is therefore equal to the light level per pixel of
an imaged star of magnitude 20-27, depending on the assumed reflecting
area at the backside of the mirrors.
8.5  Conclusion
The fact that XEUS operates for half the time in the Earth’s shadow reduces
the optical load level by six orders of magnitude compared with direct solar
illumination. Combined with the long separation between the optics and the
detector, this further reduces the optical loads to about 1-300 photons per
pixel per second, even without a structure shielding the optical bench. Using
a filter that blocks the optical band with a transmission of less than 10–6, the




9 Mirror technology development 
programme
A central design consideration is that large off-axis sectors of aspheric
surfaces are required. This is a significant departure from the design of all
the large-area high-resolution X-ray telescopes flown to date, and is a major
challenge. We can no longer rely on the inherent stiffness and stability of
monolithic shells or surfaces of revolution. Instead, there is the freedom to
optimise the size of the mirror segments in order to obtain the desired
stiffness and stability. Grazing-incidence designs are needed that use
reflecting elements offering arcsec figuring errors. The use of sectors, rather
than complete surfaces of revolution, probably makes this a more demanding
mirror development programme than for XMM-Newton. In summary, the
required technology includes:
— production of accurate, stiff and light mirror plates,
— alignment and fixation of mirror plates in a petal structure,
— active alignment of petals in space,
— in-orbit assembly,
— thermal environment concerns.
9.1  Mirror plate development programme
The mirror plate development programme will be based on the heritage of
the XMM-Newton mirror programme, and will go through a series of steps
outlined below in order to achieve the desired goals. It is based initially on
electroformed nickel technology, although alternative technology program-
mes must be supported and pursued.
Third-scale model
Using the XMM-Newton mandrels, open plates (typically 45º angular span)
will be produced with the focal length and radius of an XMM-Newton mirror.
These plates will be integrated into a structure for metrology and X-ray
performance testing. This phase will investigate the approach to open plate
production, handling and suspension without distortions, and integration.
Using the same focal length as XMM-Newton simplifies testing and reduces
development costs by using existing mandrels and metrology equipment to
explore systematically the important process and integration issues involved
in plate production.
Full-scale model
A full-scale XEUS mandrel is a fairly large, high-accuracy optical
component. Initial tests to produce mirror plates at the proper size and focal
length for the XEUS programme will therefore be performed on a test
mandrel. This mandrel will be of sufficient quality to develop the replication,
handling and integration techniques, but its surface roughness will 
not be low enough for its replicas to be used as X-ray-reflecting optical
elements.
Based on the techniques developed for producing and handling these plates
and the required metrology for the figure, the reproduction of full X-ray-
quality mirrors from a dedicated high-quality XEUS mandrel can proceed.
The goal is to produce a full-scale XEUS mirror plate integrated into a test
structure to meet the specifications for figure and finish.
9.2  Mandrel development programme
The number of mandrels required for XEUS means that their production
time and cost must be minimised. Techniques must be studied and developed
to produce mandrels more cheaply and faster than previously.
The mandrel requirements are not very different from those accomplished in
the XMM-Newton programme, and they are less stringent than for
Chandra’s optics. This part of the technology should therefore not present a
significant technical problem.
So far, metal (aluminium) mandrels have been used for electroforming
mirrors. The use of other materials is being investigated. Improved optical
quality might be achieved by using materials that are much more stable.
Zerodur, for example, is often used for high-precision optics. The
electroforming process has to be optimised for such mandrel materials.
The large number of mandrels also warrants investigations into mass-
production methods. It might also be possible to use the same optical surface
to replicate more than one geometry of mirror plate, by adjusting its shape
(bendable mirrors). These aspects should be addressed in the mandrel
development programme.
9.3  Petal development programme
The main issue for the petal development programme is to solve the
problems of producing plates to meet the demanding XEUS optical
requirements, and integrating them with small separations and coaligned to
achieve a common focus.
Scaled Model Programme
The scaled model programme (SMP) is based on the 1/3-scale mirror plates
produced from XMM-Newton-sized mandrels. The goal is to obtain a scaled
model of a XEUS petal, consisting of six coaligned X-ray-quality mounted plates,
leading to a half-energy width at the focus of 5 arcsec (goal 2 arcsec) at 1 keV.
Structural Thermal Model programme
The structural thermal model programme (STM) is based on the full-scale
mirror plates produced from the mandrel that has the right figure but not
the right finish for the XEUS programme. This model will prototype the
methods of integration of full-size XEUS plates, and can be used for initial




10 Mirror technology status
10.1 Replicated Wolter I mirrors
The baseline core technology required for XEUS is the production of thin
mirrors through replication. This technology is based on a solid background
in Europe acquired during the development of several missions. The state-
of-the-art in replicated X-ray optics with large collecting areas is XMM-
Newton. XEUS technology is currently based on XMM-Newton technology
(electroformed nickel), but several technological steps forward are required.
In parallel, alternative mirror technologies are being investigated.
The XMM-Newton technology is based on electroforming mirrors from a
mandrel. The mandrel forms a surface of revolution, and is made of
aluminium. A thin layer of gold is deposited on the mandrel, and a mirror
shell is electroformed on top of it. After release, a nickel mirror with a gold
coating is obtained.
For XMM-Newton, mandrels were used with a figure accuracy that
translates into a HEW of about 4 arcsec. Mirror shells have been produced
with a figure quality of 5 arcsec HEW, with a thickness between 0.5 mm and
1.0 mm. The gold coating had a surface roughness of less than 5 Å RMS,
which is sufficient to keep the loss of reflectivity and degradation of the point
spread function small up to 15 keV.
10.2  From closed shells to open plates
XEUS requires open mirror plates instead of the closed mirror shells of
XMM-Newton. It has already been proved that it is possible to produce such
mirror plates from XMM-Newton mandrels, which have a surface roughness
sufficient for X-ray applications. These mirrors plates cover 45º of a closed
shell, measure 250×600 mm and have a focal length equal to that of XMM-
Newton (7.5 m). The thickness variations are < 3%. It was demonstrated
that edges can be electroformed onto the mirror, which increases the
stiffness of the plate and improves handling and integration (Fig. 29).
The first step in integrating such plates is to support them to minimise
gravitational distortion. Mirror plates have been produced that have, when
suspended from two wires, a figure quality measured by an optical Hartman
test to be better than 3.5 arcsec for 90% of their areas. This is comparable to
the best results obtained with the closed XMM-Newton mirror shells.
10.3  Replicating large mirrors
In the same programme, it was demonstrated, using a machined ‘dummy’
mandrel of moderate figure quality and a surface roughness insufficient for
an X-ray mirror, that it is possible to electroform mirrors of the size and
geometry required for XEUS (Fig. 30). The thickness uniformity of the plates
is better than 3% (Fig. 31).
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10.4  Mandrel production
The first full-size XEUS mandrel has been produced in Zerodur by Carl




Focal length 50 m
Radius of curvature 1900 mm
Size 700×350 mm
Optical area 600×250 mm
HEW < 2.4 arcsec (metrology limit)




Figure 30. Seven full-size mirror plates,
1.0x0.6 m, replicated from a machined
mandrel. For comparison, an XMM-
Newton shell is placed in the centre.
(Media Lario S.r.l.)
Figure 29. A Wolter I mirror plate replicated from an XMM-Newton
mandrel. The plate has a focal length of 7.5 m and a thickness of 0.4 mm.
Figure 31. The thickness profile of a 1.0x0.6 m mirror
plate. (Media Lario S.r.l.)
Thickness [mm]
10.5  Gravitational effects
An apparent problem for the production and integration of the mirror plates
is the effect of gravity. Whereas gravity is reasonably well balanced in the
case of vertically-suspended closed mirror shells, the lack of circular
symmetry of a mirror plate can increase gravitational distortion. This means
that errors built in during the integration on the ground will show up as
distortions, both on the ground and in orbit. Finite-element analysis has
shown that, with a careful design of the suspension configuration and the
integration procedure, this effect can be limited, even for the large and thin
mirror plates required for XEUS. Gravitational distortion on an XMM-
Newton-size mirror plate suspended from two rows of five points translates
into a HEW of no more than 1.4 arcsec, without optimising the location and
the number of suspension points. Optimisation of the suspension and
integration methods should allow this effect to be reduced to less than
1 arcsec.
10.6  Outlook
The next stage in the development is to reduce the figure errors in the mirror
plates and to improve the integration method so that distortions caused by
the integration are minimised. Using a mandrel of the proper geometry and
quality of figure and finish, it will be possible to start development of the
full-size replicated mirror plates. Alternative mirror technologies,
particularly targeted at the mass-reduction required for XEUS2, will be
investigated in more detail.
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Figure 32. The first full-scale XEUS mandrel. (Carl Zeiss)
11  Production/programmatic issues
11.1  Cost drivers
The main optics costs are expected to be for the production of the mandrels,
production and metrology of mirror plates, and integration of the mirror
plates into petals. Additional components, such as the petals and the
alignment and metrology systems, will require considerable investment, but
this is not likely to be significant in comparison to the large quantities of
plates that have to be produced, tested and integrated.
Production of mandrels
The number of mandrels to be produced depends on the length of the
required mirror plates. With longer mirror plates, the packing of the plates
becomes less dense and fewer mandrels are required. On the other hand, the
size of the mandrel increases by the same factor. The number of mandrels
calls for industrialisation of the production process.
The two-step build-up of the optics (XEUS1 and XEUS2) means that only the
mandrels for the inner petals are required in the initial phase, and only
those for the outer petals are required for the expansion.
Electroforming of mirror plates
The number of mirror plates is of the order of 17 500. If the angular sectors
of the petals are larger, then the number of plates is smaller. However, the
size of the mandrel scales by the same factor. The increased complexity of
producing larger plates is difficult to judge and must await the results from
the mirror plate development programme.
Integration
Handling and integration of the mirror plates requires dedicated tooling and
metrology equipment. It has to be investigated how far the process can be
automated.
Testing
Considerable effort is required to test the individual mirror plates, as well as
the integrated petals. Screening tests have to assess the quality of individual
mirror plates before integration, and integrated petals have to be calibrated.
Owing to the long focal length relative to previous missions, dedicated
facilities may be required.
Refurbishment of mandrels
Given the sector layout of the optics, the number of replications from a single
mandrel is higher (typically 32) than in XMM-Newton, where three replicas
were required from each (although 5-10 have been made, including
qualification and flight spares). It may be required to refurbish the mandrels
more often.
Mass of the optics
An important cost driver for XEUS is the mass of the optics. In particular,
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the mass for the second launch, where the mirror expansion sectors are
transported to the ISS, has to be controlled carefully.
11.2  Production times
The production of the 58 XMM-Newton mandrels took about a week per
mandrel, and producing and integrating 290 mirrors for five flight-quality
mirror assemblies took about a week per mirror. The total number of mirror
plates to be produced for XEUS is much larger, and so is the number of
identical replicas that have to be made of a single mandrel. By the time that
the XEUS mandrels and mirrors need to be produced, the processes should
be considerably more industrialised than for any previous X-ray mission (10
times the mandrels, 60 times the mirrors of XMM-Newton).
11.3  Calibration
The aperture of the XEUS optics is too large to calibrate as a single unit. Of
course, sample plates will be tested routinely to check replication quality and
reproducibility. Calibration at system level will, however, have to take place
at the level of individual petals. Experience from previous X-ray missions
indicates that calibrating aperture subsections is not a problem. In fact, it
can be closer to in-orbit conditions (parallel beam from infinity) and provides
extra information about the optics.
Calibrating optics of 50 m focal length requires new or updated calibration
facilities. In order to simulate a source at infinity, the distance of the source
has to be several times the focal length. This is not available in Europe.
Other methods might, however, suffice to calibrate the optics using X-rays:
— reverse optical path (the source in the focus),
— pre-collimating optics,
— scanning with a beam smaller than the aperture of the petal.
Given that the mirror plates are suspended from their sides, the
gravitational effect is expected to be smaller than for front-mounted closed
shells. This might eliminate the need for a vertical facility, which would
require significant resources to support a focal length of 50 m. More
investigation is required to verify this.
Experience on several previous missions shows that the effective area is
systematically lower than predicted by the measured geometry, surface
properties and theoretical material reflection coefficients. In order to achieve
an accuracy of a few percent, this deficiency has to be investigated and
resolved. It is to be expected that this will occur with the continued use of
XMM-Newton and Chandra.
Development of calibration facilities has to begin early in the project to
ensure that sufficient measurements can be taken on the hardware produced
during the development programme. 
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12  Summary and Conclusion
XEUS requires a primary X-ray mirror system with a collecting area of
> 20 m2 below 2 keV and > 1 m2 at 8 keV, and with an angular resolution of
5 arcsec (goal 2 arcsec). We have considered a number of optical designs and
configurations that could meet this goal, and conclude that it is best achieved
using a system with the following characteristics:
— Wolter type I grazing incidence optics with a focal length of 50 m,
— two spacecraft: a mirror spacecraft and a detector spacecraft separated
by 50 m,
— the mirror system constructed in a modular fashion using sector petals,
— a two-phase design: XEUS1 with a collecting area of 6 m2 at 1 keV and
XEUS2 with a collecting area of 30 m2 at 1 keV.
The baseline design and enhancements include:
— electroformed nickel mirror plates,
— gold reflecting surfaces,
— optional layered synthetic microstructures (multilayers) to improve the
high-energy response of the inner petals,
— optional multi-channel plate optics to provide a high-energy extension to
the response.
Further study and research is required to provide:
— an alternative process for producing mirror plates to reduce the mirror
mass (especially for XEUS2),
— a detailed design of stray-light baffling for the mirror and detector
spacecraft,
— an assessment of the consequences of the operating temperature being
considerably below room temperature, and methods to limit thermal
gradients.
The major technological challenges in the development of the X-ray mirrors
for XEUS are:
— the manufacture of 562 very high quality off-axis Wolter I sector
mandrels (296 for XEUS1 and 266 for the extension to XEUS2),
— the production and integration of 17 500 mirror plates (6900 for XEUS1
and 10 600 for the extension to XEUS2) to a figure and alignment
accuracy commensurate with an angular resolution of 5 arcsec or better,
— integration and calibration of 128 petals (32 for XEUS1 and 96 for the
extension to XEUS2) with new dedicated metrology and X-ray test




The dominant production and programmatic issues are:
— the time for and the cost of producing the mandrels,
— the time for and the cost of producing the sector plates,
— the time for aligning and integrating the sector plates in the petals,
— the total mass of the mirror extension required for XEUS2.
We conclude that it is possible to produce X-ray optics that meet the
scientific requirements of XEUS. However, significant technological
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